This paper is concerned with the development of an efficient and accurate finite element procedure for the solution directly in the time domain of transient problems involving structures submerged in an infinite acoustic fluid. The central feature of the procedure is a novel impedance, or, absorbing boundary, element that is used to render the computational domain finite. This element is local in both time and space, and is completely defined by a pair of symmetric stiffness and damping matrices. It thus can be attached directly to the adjoining fluid elements within the computational domain using standard assembly procedures. Due to its local nature, it also preserves the overall structure of the global equations of motion, including symmetry and sparseness. Thus the new impedance element makes it possible to solve complex transient exterior structural acoustics problems via existing finite element software for interior problems by just incorporating this element into current finite element librafids. Standard step-by-step temporal integration techniques can then be used to solve the resulting equations of motion. Even though the focus is in the time domain, the same equations of motion can naturally be used to determine the solution under time-harmonic excitation directly in the frequency domain. In this paper the new methodology is presented in a two-dimensional setting, using as a model an infinite cylindrical thin elastic circular shell submerged in an acoustic fluid. The absorbing element, however, can be used equally well with any arbitrary (possibly nonlinear) two-dimensional structure. Explicit formulas for the element matrices are included, and numerical examples, involving both transient scattering and radiation model problems, are given for the homogeneous shell as well as for a shell with a concentrated mass to illustrate the validity and accuracy of the new procedure.
INTRODUCTION
To date the overwhelming majority of investigations dealing with problems in structural acoustics have focused on the steady-state response of the fluid-structure system to time-harmonic excitation; it is thus natural that solutions have been carded out primarily in the frequency domain. While frequency-domain analyses are often sufficient in practice, there are situations for which an analysis directly in the time domain may be desirable or even unavoidable. Clearly, a time-domain approach provides the only practical alternative if any part of the structure can behave inelastically. Also, given that measurements of experimental or actual performance of fluid-structure interaction systems are recorded directly in the time domain, it may be of interest in some cases, say for purposes of structural or noise control or optimum structural design, to either use or compare this information with that predicted directly by the mathematical models.
With these applications in mind, this paper is concerned with the ultimate development of efficient, yet accurate, numerical techniques for evaluating directly in the time domain the transient response of (possibly inelastic) structures of complex geometry submerged in an infinite (or semi-infinite) acoustic medium. The excitation can be exterior, e.g., in the form of prescribed incident pressure waves propagating through the fluid (scattering problem), or interior, due to forces generated within the structure itself (radiation problem). In contrast to the vast literature available for time-harmonic problems (see, e.g., Refs. 1-4 for a partial list of relevant studies) transient problems in exterior structural acoustics have received scanty attention. Whereas an exact boundary integral formulation for transient problems in terms of retarded potentials is possible, the direct application of this procedure to realistic problems is generally impractical due to the nonlocal nature of this formulation both in time and in space; that is, in this approach the response at every point on the fluid-structure interface depends on the complete history of the response at every other point. An alternative approach is to truncate the infinite domain and to specify a boundary condition on the artificial boundary that will satisfy approximately the radiation condition. The goal is to arrive at boundary conditions that are more local, at least in time.
which combines an early time with a late time approximation, allows one to enforce the absorbing boundary condition directly on the interface of the structure with the fluid. The price one pays for this benefit, however, is having to deal with a spatially nonlocal boundary, since at each instant the DAA causes the response at each point of the boundary to be coupled with that at every other point.
Barry et al. •8 have developed a family of approximate
local boundary conditions for the transient twodimensional wave equation using ideas of geometrical optics. For a particular value of a parameter their secondorder condition coincides with the corresponding secondorder Bayliss-Turkel condition. By giving it a viscoelastic interpretation, Kallivokas et al.
•9 were able to recast the second-order condition of Barry et al. into an equivalent form that can be represented completely, upon discretization, by a very simple boundary element, local in time and space. The practical significance of this novel impedance element, which can be completely characterized by a pair of stiffness and damping symmetric matrices, is that it makes it possible, apparently for the first time, to solve accurately and efficiently exterior initial-value problems in structural acoustics, and other multiphase phenomena, with existing finite element software for interior problems.
The main objective of the present paper is to demonstrate how this approach can be applied readily to the solution of the exterior two-dimensional structural acoustics problem. To preserve symmetry we formulate the problem variationally in terms of the displacement field and the velocity potential field introduced originally by Everstine, • for the structure and the fluid, respectively.
We concentrate on the infinite cylindrical thin elastic shell, using this canonical geometry as a benchmark since the corresponding transient scattering problem is amenable to exact solution. Arbitrary elastic structures can be analyzed similarly merely by modifying the expression for the strain energy in the variational principle. We present numerical results for scattering and radiation problems for the homogeneous shell and for a limiting rigid scatterer, as well as for a shell with a concentrated line mass, using a finiteduration modified Ricker 2ø pulse as the excitation. The
Ricker pulse, used frequently in seismology, has the property that the amplitude of its Fourier transform has a single well-defined dominant frequency, and has nonzero values only over a prescribed frequency band. Thus, the pulse can be tuned to excite the structure-fluid system up to a desired maximum frequency.
I. PROBLEM DESCRIPTION AND ABSORBING BOUNDARIES
We discuss initially the general case of an arbitrary two-dimensional elastic structure submerged in an infinite acoustic medium and subsequently present a detailed derivation for the cylindrical shell. Suppose 12e represents the region occupied by the structure, 12 + the corresponding exterior region, and F their interface, as shown in Fig.  1 (a) . We assume that the homogeneous, compressible, and inviscid fluid remains close to an equilibrium state with constant density and velocity. Then the linearized equa- 
II. VARIATIONAL FORMULATION
In order to derive a finite element approximation for the structural acoustics problem described in the preceding section it is desirable to have a variational formulation of the problem. In this section we develop a direct variational formulation for the particular case of an infinitely long cylindrical shell, using Hamilton's principle as a point of departure. We consider this canonical shell for clarity and convenience, so that later on we may assess the accuracy of our numerical approximations through comparisons with exact solutions. To extend the procedure to an arbitrary two-dimensional elastic structure one need only use the appropriate expressions for the strain energy of the given structure in the following formulation. Consider an infinitely long cylindrical shell of thickness d and radius a referred to an (r, 0,z) polar coordinate system. The corresponding displacements of the shell at midsurface are to, v, and u. We assume that the incident wave pO acts normally to the cylindrical surface of the shell and is independent of the coordinate z; this gives rise to a plane-strain state in which the axial component of displace- If one substitutes (2), (8), and the exact boundary condition (4) on F f into (7), it can be shown that after: 
This variational form, which must hold for arbitrary 5v, 5w, and &b, will be the basis for the discretization process. To verify that (9) is the weak form of the structural acoustics problem under consideration we apply the divergence theorem in (9) on the terms that contain derivatives of the quantities 5v, 5w, and &b. After collecting like terms there results. In our approximate procedure, the exact absorbing boundary condition (1 l e) will be replaced by the approximate set of equations (6 
It is important to observe that with the replacement (12) the variational operator in (9) will lead, upon spatial discretization, to a symmetric system of ordinary differential equations.
III. FINITE ELEMENT DISCRETIZATION
The spatial discretization of (9) with the replacement shown in (12) involves using standard finite element piecewise polynomial approximations for the displacements v and w on F, the velocity potential •b in the closure •f of •f, and the auxiliary function lp (1) on I "f, as follows:
w(x,t)=ar(x)w(t),
•p(x,t) =igT(x) tp(t),
lp ( 
After substituting (13) and (14) into (9) as there is no inertia associated with our approximate absorbing boundary. Since C a and K a are local and symmetric they can be constructed element by element and incorporated into the equations of motion by standard assembly techniques using existing finite element software. All that is necessary is to incorporate the element matrices c a and k a corresponding to the global C a and K a into the finite element library of an existing software package for interior problems. The same finite element software package can then be used to solve the complete system of equations (15), in either assembled form, node-by-node, or elementby-element, by means of its own step-by-step time integrator.
To illustrate that the element matrices c a and k a have, indeed, a simple form, we provide below the corresponding explicit element matrices for the particular case of a circular absorbing boundary modeled by piecewise linear isopa- It should also be noted that except for a change in the physical meaning of the nodal quantities, the structure of the absorbing boundary element is such that it can be used with either potential-based formulations, as the one presented herein, or with pressure-based formulations where the total pressure is the primary unknown field quantity within the fluid domain. In the latter case, however, the symmetry of the formulation is lost. We complete our description of the finite element discretization by giving some details about the forcing function F in (15). From (9) We consider both an exterior excitation in the form of a traveling plane wave that impinges upon the shell (scattering problem) and an interior excitation in the form of a line force acting on the shell (radiation problem). For completeness, we also consider the scattering problem for the limiting rigid case (cs/c= oo ). In all cases the time signal is represented by a finite-duration modified Ricker :ø pulse as shown in Fig. 3(a) , where Wr is the dominant frequency of the excitation; a unit peak amplitude has been considered in this figure. The amplitude of the corresponding Fourier transform is shown in Fig. 3 (b) . The numerical results in this section were obtained by using piecewise cubic Hermite polynomials for the shell, eight-noded quadratic elements for the fluid, and nine-noded quadratic elements for the boundary elements. ence of resonant frequencies is more pronounced for the shell with a mass (Fig. 7) . Here resonant frequencies are quite distinct, though the peaks are highly attenuated, away from the shell. Figures 8 and 9 pertain to the radiated pressure field generated within the fluid when a horizontal concentrated line load acts directly on the shell, as indicated in the inserts. Results for the homogeneous shell are shown on Fig.  8 while those on Fig. 9 are for the shell with a concentrated mass. These results were obtained by placing the absorbing boundary at r/a= 1.6. The need for using a larger buffer zone relative to that used for the scattering problems (r?a = 1.2) is that higher "modes" are excited by the applied load than by an incident wave, within the frequency range of interest. To verify that r/a= 1.6 provides a sufficient buffer the same problems were solved a second time, but with the absorbing boundary at r/a= 2, with no change in the results. The most striking difference between the radiation and the scattering problems is, of course, the long duration and large amplitude of the radiated pressure di, rectly outside the shell. Another interesting feature is that the added inertia due to the concentrated mass has a significant effect in reducing the amplitude of the radiated pressure on the wet surface. By contrast with the homoge- neous shell, the interference provided by the concentrated mass causes the waves circumnavigating the shell to be radiated more strongly into the fluid. Figure 10 shows the radial and tangential displacements at various points of the homogeneous shell corresponding to the radiation problem for the homogeneous shell. Observe that the shape of the initial pulse of radial displacement at the point of application of the load is essentially equal to that obtained by integrating with respect to time the expression for the applied pressure, as expected, and that after a period of relative quiet there is a constructive interference of the waves propagating around the circumference. The tangential displacement is shown only at the north and south points as the east and west points are nodal points. Notice also the difference in scale between the radial and tangential displacements, confirming that the response of the shell is predominantly in the radial direction.
We next perform the same normalized FFT procedure on the results shown in Figs. 9 and 10 for the radiation problems as we did previously for the scattering problem. This process results in Figs. 11 and 12 , respectively. Contrary to the results in Fig. 7 here it is seen that the radiated pressure on the wet surface exhibits a discrete set of large peaks. These correspond precisely to the resonant frequencies of the shell-fluid system, i.e., the frequencies for which the real part of the system's impedance vanishes. ( 1 ) Even at a short distance of 0.6a from the perfect shell, the resonant behavior of the shell is no longer discernible [ Fig. 11 (d) , (e), and (f) ]. While this is the expected behavior in the far field, it is somewhat interesting that it is already apparent near the shell.
(2) For the scattering problem, we mentioned earlier that within the frequency range considered, the resonant frequencies of the fluid-structure system play no significant role in the response. Only the constrained tangential frequencies of the shell in vacuo are relevant. It is interesting that the same is true for the radiation problem for the homogeneous shell for a listener located even at a short distance away from the shell. 
V. CONCLUDING REMARKS
In light of the excellent agreement between the approximate and exact solutions obtained for the test problems, it appears that the new methodology based on finite element spatial discretization, standard step-by-step time integration, and a novel absorbing boundary element, provides a practical and accurate means for solving complex transient radiation and scattering problems in structural acoustics directly in the time domain. This method can also be used for obtaining frequency domain solutions either directly by solving (22) for each frequency, or indirectly via FFTs as it was done herein. The novel absorbing boundary element permits one to retain the familiar form of the discretized equations of motion for the structure with their sparsity and symmetry intact. Since the element is completely represented by a pair of local symmetric stiffness and damping matrices, the entire procedure lends itself to easy incorporation into existing finite element codes for interior problems. It also allows for ready parallelization that will best exploit the main features of particular advanced architecture computers.
In this paper we have concentrated on the near-field behavior of the radiated and scattered pressure. Once this behavior has been established, one need consider only the fluid in order to determine the far-field behavior, using time-domain ? or frequency-domain approaches. One of the major objectives of this paper was to describe the overall merits of the proposed methodology. For this reason canonical structures with simple geometries were used both in the theory and in the numerical illustrations. If, however, one uses the general theory of elastodynamics to model the submerged structure, the methodology can be applied directly to arbitrary elastic structures (damping characteristics can be introduced without difficulty). Also, the present study was restricted to the analysis of elastic structures submerged in a full space. The present formulation for the fluid, however, can be applied without modification to analyze a possible inelastic structure submerged in a half-space (free-surface or rigid bottom) provided the problem conditions are such that the fluid can still be idealized as a linear acoustic medium and the free-surface boundary condition can be approximated by a pressure release condition. Based on similar procedures, extensions to three-dimensional problems are also possible. These will be addressed in future communications. We hope this paper has helped show that the proposed methodology provides a computationally powerful tool that will assist in gaining physical insight and in solving large problems involving complex submerged structures.
